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Abstract: A new closed cell is presented for in situ X-ray ptychography which allows studies under gas flow and
at elevated temperature. In order to gain complementary information by transmission and scanning electron
microscopy, the cell makes use of a Protochips E-chipTM which contains a small, thin electron transparent window
and allows heating. Two gold-based systems, 50 nm gold particles and nanoporous gold as a relevant catalyst sample,
were used for studying the feasibility of the cell. Measurements showing a resolution around 40 nm have been
achieved under a flow of synthetic air and during heating up to temperatures of 933 K. An elevated temperature
exhibited little influence on image quality and resolution. With this study, the potential of in situ hard X-ray
ptychography for investigating annealing processes of real catalyst samples is demonstrated. Furthermore, the
possibility to use the same sample holder for ex situ electron microscopy before and after the in situ study underlines
the unique possibilities available with this combination of electron microscopy and X-ray microscopy on the
same sample.
Key words: ptychography, X-ray microscopy, in situ, heterogeneous catalysis, synchrotron radiation, annealing,
nanoporous gold
INTRODUCTION
To understand the function of heterogeneous catalysts and
to improve catalytic properties, structure-activity relation-
ships are required. As catalysts may change their structure
with respect to the environment, it is invaluable to study the
catalysts under reaction conditions (Grunwaldt & Clausen,
2002; Weckhuysen, 2002; Topsoe, 2003; Grunwaldt et al.,
2004; Bañares, 2005). However, such in situ or operando
studies require dedicated techniques. For catalyst character-
ization X-ray-based techniques are largely used (Clausen
et al., 1991; Iwasawa, 1996; Weckhuysen, 2004; Andreasen
et al., 2006; Grunwaldt & Frenkel, 2009; Beale et al., 2010;
Frenkel & van Bokhoven, 2014) and information has to be
gained on different length scales (Weckhuysen, 2009; Beale
et al., 2010; Grunwaldt et al., 2013; Thomas et al., 2013;
Merkle et al., 2014). For atomic scale imaging, transmission
electron microscopy (TEM) is applied. However, there are
also limitations of environmental TEM (ETEM), e.g.
restriction to low pressure with the exception of specially
designed cells (Creemer et al., 2008), interactions with the
electron beam, restrictions in probing different angles for
three-dimensional (3D) measurements, or the need for
complementary techniques for spectroscopic information
(Egerton et al., 2004; Simonsen et al., 2008; Benavidez
et al., 2012; Wagner et al., 2012; Hansen et al., 2013). In
contrast, spatially resolved information on the meso scale
(50 nm–1 µm) and below (<50 nm) can be gained by X-ray
microscopy, which enables in situ studies at both ambient
and elevated pressure (Thomas & Hernandez-Garrido, 2009;
Grunwaldt & Schroer, 2010; Buurmans & Weckhuysen,
2012; Gonzalez-Jimenez et al., 2012; Cats et al., 2013).
Furthermore, due to the much higher penetration depth of
X-rays compared to electrons, studies can be performed on
realistic samples and conditions (e.g., corrosive gases or
liquids). For these purposes, special in situ cells with X-ray
transparent windows have been designed. For high resolution*Corresponding author. grunwaldt@kit.edu
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images, scanning transmission X-ray microscopy (STXM) has
usually been used in the soft X-ray regime (Drake et al., 2004;
de Smit et al., 2008; de Groot et al., 2010; Falcone et al., 2011).
The area of interest of the sample is scanned under a focused
beam and the desired signal is detected for each point of the
scan. For this technique, the resolution is dependent on the size
of the beam spot on the sample. To achieve a focused X-ray
beam focusing optics are used. These include Fresnel zone
plates (Oltman, 1953; Camus et al., 1967), Kirkpatrick–Baez
mirrors (Suzuki & Uchida, 1991; Ruhlandt et al., 2012),
waveguides (Krüger et al., 2012), and refractive X-ray lenses
(Suehiro et al., 1991; Snigirev et al., 1996; Lengeler et al., 1999).
Compared to full-field techniques, where the whole image is
acquired in one shot, which is especially suitable for dynamic
processes, the advantage of scanning techniques lies in the
combination of different spectroscopic contrasts (e.g., X-ray
fluorescence (XRF), X-ray absorption (XAS) and X-ray
diffraction (XRD)) (de Groot et al., 2010; Grunwaldt et al.,
2013). Additionally, projection images with spatial resolution
on the micrometer scale can be gained without the use of
X-ray optics avoiding aberrations. In the hard X-ray range,
full-field microscopes based on magnified imaging with an
objective lens typically reach spatial resolutions of several
tens of nanometers (Chu et al., 2008), and for soft X-rays
(200–2,000 eV) resolutions down to 15 nm have been reached
by STXM (de Smit et al., 2008). However, the shorter pene-
tration depth of soft X-rays compared to hard X-rays can cause
problems with respect to in situ cell design and the possibility
of measurements at ambient pressure (Drake et al., 2004;
Grunwaldt & Schroer, 2010). Therefore, hard X-rays are more
favorable for the purpose of in situ measurements and
nowadays, focusing optics used for hard X-rays are able to
realize beam spot sizes of about 50–80 nm (Schroer et al.,
2010). In order to achieve higher resolution, scanning coherent
X-ray diffraction imaging, which is also called X-ray ptycho-
graphy, can be used (Rodenburg & Faulkner, 2004; Thibault
et al., 2008). In this technique, the desired sample area is
scanned with a coherent X-ray beam and the far-field diffrac-
tion patterns are recorded with a partial overlap between the
adjacent points in real space. Real space images are calculated
by iteratively working phase retrieval algorithms, which are
used to consistently reconstruct both the object and the
illumination in the object plane. Hence, ptychography is self
focusing, and the exact sample positioning along the optical
axis is not critical as long as the sample stays within the depth
of focus during the ptychographic scan. Currently, in soft
X-ray ptychography, a resolution of 5 nm can be achieved
(Shapiro et al., 2014), whereas in hard X-ray ptychography a
resolution below 10 nm for strongly scattering objects is
possible (Vila-Comamala et al., 2011; Schropp et al., 2012).
Nevertheless, those measurements were performed on ideal
samples under ex situ conditions. For in situ conditions,
Høydalsvik et al. (2014) achieved a resolution of roughly
200 nm on lithium zirconate particles, but the measurement
was not performed in a closed environment as holes for the
X-ray beam were kept open. Another in situ study was
performed by Kiss et al. (2015) studying resonantly the
oxidation of nickel powder by full-field X-ray microscopy
achieving a resolution of 55 nm. Coherent diffraction imaging
in Bragg geometry has also recently been applied in in situ and
operando studies (Ulvestad et al., 2014; Clark et al., 2015), even
for studying ultrafast processes using X-ray free electron lasers
(Clark et al., 2013). Ptychography, as a scanning technique, can
also be combined with chemical imaging (Beckers et al., 2011;
Hoppe et al., 2013; Shapiro et al., 2014) and is therefore a very
promising technique for nanoscale imaging of catalysts
(Hoppe et al., 2013) and energy materials (Hitchcock & Toney,
2014), material sciences (Schropp et al., 2011; Esmaeili et al.,
2013; Dam et al., 2015), and life sciences (Luu et al., 2014).
In catalysis, interesting examples for studying catalysts at
the medium scale are porous structures containing different
pore volumes (Vantomme et al., 2007), their influence on
sintering studies (Dumee et al., 2014), and core-shell particles
(Ding et al., 2015; Güttel, 2015). These are also of interest
for modeling (Matera & Reuter, 2012). Here, as examples, we
study the annealing of 50 nm gold particles and nanoporous
gold structures in synthetic air. Starting from the 1980s, gold
became an interesting element for heterogeneous catalysis.
Most popular is CO oxidation over gold nanoparticles (Haruta
et al., 1993). Besides supported catalysts, unsupported skeletal
gold has received strong interest within the last few years
(Wittstock & Bäumer, 2014). Hence, a further investigated
sample is nanoporous gold (np-Au), which can be obtained by
dealloying of AgAu using nitric acid, and is composed of a
sponge-like 3D network (Zielasek et al., 2006). The pores and
ligaments forming the macroscopic material show sizes in the
range of tens of nanometers and have several kinks and steps,
which support the catalytic activity (Fujita et al., 2012). Np-Au
has been modified by creating “inverse catalysts”, where a
metal oxide is supported on a pure metal, which show pro-
mising catalytic activity (Rodriguez et al., 2007; Wichmann
et al., 2013a; Bagge-Hansen et al., 2014; Shi et al., 2014). In
particular, such inverted np-Au catalysts are suitable for dif-
ferent reactions such as CO oxidation (Iizuka et al., 2004;
Zielasek et al., 2006), oxidation of alcohols (Wittstock et al.,
2010) or water gas shift reaction (Shi et al., 2014). Np-Au
surprisingly showed high activity for oxidation reactions at low
temperatures (Wittstock et al., 2009), but at higher tempera-
tures (around 773 K), coarsening of both the ligaments and the
pores occurred (Chen-Wiegart et al., 2012; Wang et al., 2012).
The coarsening of the nanostructures impedes the application
and durability of the material at higher temperatures. Suitable
modification with metal-oxides (CeO2, TiO2) resulted in a
stabilization of the nanostructure at temperatures above 773 K
(Wichmann et al., 2013b).
Here, we report on the annealing of 50 nm gold particles
and np-Au-based catalysts in order to follow the coarsening at
different temperatures. The in situ ptychography study was
performed in a specially designed closed cell, which enabled
gas flow and heating. A beneficial aspect is that the same cell
can be used as the “sample support” (TEM heating chip) for
ptychography measurement and electron microscopy. In this
way, multiple methods can be used for the same sample to
acquire complementary information, e.g., high-resolution
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images obtained by ex situTEM, and in situ observation during
the desired process on the meso scale by X-ray microscopy.
MATERIALS AND METHODS
Design of the In Situ Cell
In principle, the in situ cell is based on a TEM sample heating
chip, a Protochips E-ChipTM, which is designed for TEM
studies (Allard et al., 2009a; Simonsen et al., 2015). Heating is
provided through resistive heating of a conductive ceramic
membrane (Allard et al., 2009b) of ~120 nm containing Si
and C. For electron transparent areas, holes in this membrane
are covered with an ~50 nm thick silicon nitride thin film.
Using this chip we were able to use it either ex situ in a TEM or
scanning electron microscope (SEM), or inside the developed
in situ cell for hard X-ray microscopy/spectroscopy, which
enables complementary information on the same sample.
The cell is composed of a stainless steel body with X-ray
transparent windows where the E-chipTM was placed. To
provide a controlled reaction environment, the cell has a gas
inlet and outlet. Gas flow through the cell was adjusted by
mass flow controllers (Bronkhorst) and controlled by a script
written in NI LabVIEW 2013. Heating was realized by
resistive heating within the E-ChipTM, which is connected to
a Keithley 6220 DC current source. The temperature is
related to the heating power, but it is to a certain extent
different from chip to chip up to 50 K at ambient conditions.
Temperature estimation was realized by comparing the
heating powers used in this experiment to similar heating
powers with other E-chipsTM, where the temperature was
determined with an infrared thermography camera. With
the E-ChipTM, the user benefits from the thin silicon nitride
electron transparent window within the chip. This is crucial
for TEM measurements on the area of interest. This window
is incorporated into the cell and is used as an X-ray trans-
parent window in the in situ cell. To close the cell body,
another window made by Kapton® foil is used. Figure 1
shows a schematic representation of the design of the in situ
cell. The E-ChipTM is placed on the bottom part, so that the
sample faces the inside of the cell. Following this, an O-ring
enables tight connection to the middle part with the gas inlet
and outlet. The cell is closed by adding the top part with
another O-ring and the Kapton® window. For electrical
connection, another piece is fixed to the cell, connecting the
electrodes of the E-ChipTM to a power supply. Figure 2 shows
two photographs of the cell visualizing the same parts as in
the schematic representation in Figure 1.
Preparation and Characterization
Sample Preparation
Three gold samples were prepared on the Protochips
E-ChipsTM: (1) A commercial solution of citrate stabilized
50 nm colloidal gold nanoparticles (Sigma Aldrich) was
deposited on a E-Chip with a SiN membrane by dropcasting.
(2) About 100 nm thick np-Au films were prepared
by dealloying of AgAu alloy leafs (American White Gold,
12 Karat, Noris Blattgold) using concentrated nitric acid
(Sigma Aldrich, puriss p.a. ≥65%). The sample was carefully
washed (floating on deionized water) and transferred onto a
copper TEM grid (100 mesh) and further processed by focused
ion beam (FIB) milling (see below). (3) The CeO2/np-Au was
prepared by impregnation of the np-Au on the copper TEM
grid with 10 µL of an ethanolic solution of cerium nitrate
(Ce(NO3)3, 1 mol/L). After drying in air for at least 30min, the
sample was calcined at 523 K for 2 h yielding the oxide.
The as prepared samples from (2) and (3) were then
transferred to a FIB microscope. Independently, aluminum
frames of approximately L ×W×H = 60 × 60 × 13 µm were
prepared by FIB milling, which were used to stabilize the
sample. The frame was fixed on the np-Au based samples
by deposition of platinum on the outside of the frame.
Afterwards, the stabilized sample was milled out and fixed on
the E-ChipTM by platinum deposition. In this way, one pure
np-Au and one CeO2/np-Au sample were deposited on
separate E-ChipsTM. To evaluate the effect of temperature on
the X-ray image, non-changing structures could be added as
a future reference. FIB milling was performed using a Zeiss
Auriga 60 or a FEI Strata dual beam FIB system at the
Karlsruhe Nano Micro Facility (KNMF), located at the
Institute for Nanotechnology (INT) at KIT.
Ex Situ Characterization
SEM imaging was performed ex situ using the FIB-SEMs Zeiss
Auriga 60 and FEI Strata as described above. A secondary
electron (SE) in-lens detector was used for imaging.
Figure 1. Schematic representation of the in situ cell designed for
combination of X-ray microscopy and electron microscopy. The
sample is placed on a commercial TEM chip, can be heated by using
the resistive heating possibility by the chip, and can be kept under a
desired gas flow. X-ray transparent windows are realized by the TEM
chip itself and by a Kapton® window placed on top of the cell.
TEM chip
gas inlet gas outlet gas inlet
adapter for
electrical connection
gas outlet
Kapton
window
to power
supply
Figure 2. Photographs of the in situ cell. The bottom view (left)
and side view (right) are shown.
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Synchrotron Experiment
The experiment was carried out at the nanofocus endstation
of the beamline ID13 at the European Synchrotron Radiation
Facility (ESRF) during 7/8 + 1 mode operation (868 bunches,
scheduled ring current 200 mA). The in situ cell was
mounted on a kinematic mount and was scanned through
the nanofocused beam. The beam was focused onto the
sample by nanofocusing lenses to provide an illumination
with a full width half maximum spot size of around 150 nm.
In the present case, the depth of focus is about 100 µm
and stability of the setup on this scale is guaranteed. The
acquisition was performed at 14.9 keV photon energy
(Si (111) channel cut monochromator). Far-field diffraction
patterns were recorded with a Maxipix detector (pixel size:
55 µm) with a sample–detector distance of 1 m for np-Au
based samples, covering a q range up to 0.53 nm− 1, and 2 m
for the 50 nm Au sample (q range up to 0.27 nm− 1). An area
of 2 × 2 µm was scanned with a step width of 50 nm and the
X-ray beam first passed the “bottom” of the cell (see Fig. 1),
where the window is presented by the silicon nitride
membrane of the E-ChipTM. At each position of the scan, a
diffraction pattern was recorded for 0.03 s, leading to a signal
in the range of 104 photons per pixel in the most intensive
parts of the diffraction pattern. About 10–15 min were
required to record one complete ptychogram per tempera-
ture step and for image reconstruction, respectively. The
algorithm used for reconstruction is based on the (e)PIE
algorithm presented by Maiden and Rodenburg (Maiden &
Rodenburg, 2009). Further technical details and details on
the algorithm are given in the Online Supplementary
Information (OSI).
Supplementary Material
Supplementary Material can be found online. Please visit
journals.cambridge.org/jid_MAM.
In situ experiments were carried out by using the as
prepared E-chipsTM inside the cell using the heating and
gas dosing possibilities. Synthetic air (20% O2/N2) was
used for the annealing treatment to create a controlled
atmosphere.
RESULTS AND DISCUSSION
As a model sample, 50 nm Au particles were studied to
investigate the applicability and the feasibility of in situ
ptychography with a resolution below 100 nm. The results
obtained for the 50 nm particles are shown in Figure 3. By
ex situ SEM before the annealing treatment, an agglomera-
tion of such particles was identified. The same part of the
sample was studied inside the cell by ptychography using
hard X-rays. As shown in Figure 3b, the same structure could
be observed in the phase contrast images without gas flow as
well as with a flow of 1 mL/min of synthetic air (Fig. 3c).
Even though single particles were not imaged in detail, the
general shape of the agglomeration can be extracted. This
measurement indicates the feasibility of in situ measure-
ments and shows that a gas flow at ambient pressure does
not influence the image quality. For testing the heating
capability, the Au nanoparticle model sample was annealed
at different temperatures, thereby the heating power, which
was directly measured, is given together with an estimated
temperature gained by comparison to IR thermography data
on other chips. After annealing for 45 min at 180 mW
(around 720 K), a coarsening of the structure could be
observed (Fig. 3d), which increased after a second annealing
treatment of 25 min at 260 mW (around 870 K), and is
presented in Figure 3e. These measurements underline the
feasibility of in situ studies in the developed cell. This
demonstrates the possibility to image samples before and
after temperature treatment within the same gas atmosphere
with a resolution better than 100 nm.
To test the possibility of in situ measurements during
heating and gas flow, the np-Au based samples were used
and the experimental design and sample-detector distance
were optimized to get a higher resolution. Pure np-Au was
used for testing heating at high temperatures and its influ-
ence on imaging possibilities. Then CeO2/np-Au was used
for annealing in smaller temperature steps.
For pure np-Au, a crack (artifact from FIB-milling)
was studied at different temperature steps with a flow of
3 mL/min of synthetic air. At 130 mW a temperature of
roughly 520 K was reached and at 190 mW the temperature
was around 770 K. After further heating the sample with a
power of 315 mW, the melting point of the aluminum frame
(around 933 K) was reached. As shown in Figure 4b, the
structure acquired by ptychographic reconstruction at room
temperature during gas flow is in agreement with the SEM
image. This is even more obvious in the overlay of the
colorized and inverted SEM image on the phase contrast
image gained by ptychography (Fig. 4h). Structures of 35 nm,
i.e., the width of the crack marked in Figure 4c, could be
resolved, using the high-resolution setup (covering a q range
up to 0.53 nm− 1). The overall resolution achieved in ptycho-
graphy is estimated to be about 40 nm as detailed in the OSI.
While heating at 59 mW at around 330 K (Fig. 4c), either the
first changes, marked by an arrow, already occurred at this
low temperature or the resolution became slightly worse,
which could have happened due to thermal vibrations.
However, the 35 nm structure is still visible. At higher
temperature during heating at 130 mW, around 520 K
(Fig. 4d), clear changes appeared in the structure, which are
marked as well. The changes became more obvious during
further annealing treatment (Fig. 4e and 4f), resulting in less
dense areas and an increased density in other parts of the
sample. This is in agreement with a coarsening of the three
dimensional network structure (Chen-Wiegart et al., 2012;
Wang et al., 2012). Destruction of the framework depicted in
Figure 4g can be explained by melting of the aluminum
frame during heating at 315 mW (around 933 K), which was
later confirmed by ex situ SEM. It can be concluded from
these measurements that coarsening of the unmodified
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np-Au set in at a temperature of around 520 K, which is in
agreement with previous studies under ambient conditions
(Biener et al., 2010). While the first changes at this
temperature occurred only at small length scales around
10 nm, increasing the temperature to around 770 K led to an
obvious structural change with increased coarsening.
a
b c
d e
Figure 3. 50 nm Au particles deposited on the SiN membrane. (a) Scanning electron microscope (SEM) image in SE
contrast, (b) phase contrast image of the same area in the ptychographic measurement without gas flow, (c) phase
contrast image with a flow of 1 mL/min synthetic air, (d) phase contrast image at room temperature after the first
annealing treatment at 180 mW (around 720 K) without gas flow showing the beginning coarsening of the agglomerate
structure, (e) phase contrast image at room temperature after the second annealing treatment at 260 mW (around
870 K) without gas flow showing a complete degradation of the original structure.
182 Sina Baier et al.
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a b
c d
e f
g h
Figure 4. Np-Au on a SiN membrane studied by scanning electron microscope (SEM) (SE contrast) and ptychography at
different annealing steps with a flow of 3mL/min synthetic air. (a) Ex situ SEM image in SE contrast before any thermal
treatment, (b) phase contrast image of the same area in the ptychographic measurement at room temperature, (c) phase
contrast image at a power of 59mW (around 330 K) (d) phase contrast image at a power of 130mW (around 520 K),
(e) phase contrast image at a power of 194mW (around 770K), (f) phase contrast image at a power of 270mW (>870 K),
(g) phase contrast image at a power of 315mW (around 930K), (h) colorized and inverted SEM image (red) overlaid on (b).
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a b
c d
e f
Figure 5. CeO2/np-Au on a SiN membrane studied by scanning electron microscope (SEM) (SE contrast) and ptycho-
graphy at different annealing steps with a flow of 3mL/min synthetic air. (a) Ex situ SEM image in SE contrast before any
thermal treatment, (b) phase contrast image of the same area in the ptychographic measurement at room temperature,
(c) phase contrast image at a power of 24mW (around 300 K), (d) phase contrast image at a power of 65mW (around
330 K), (e) phase contrast image at a power of 107mW (<520 K) showing the field of view marked by a rectangle,
(f) ex situ SEM image in SE contrast after the thermal treatment.
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For comparison, the inverse catalyst CeO2/np-Au was tested
by in situ ptychography and the results are depicted in
Figure 5. The measurements were performed on a natural
crack on the border of the sample. In contrast to the pure
np-Au sample, fewer changes were observed, which was
expected and in agreement with annealing in smaller tem-
perature steps and at lower temperature. For correlation, the
highest temperature used in this experiment was slightly
lower than the one that resulted in clearly visible changes in
Figure 4d. However, also at these relatively low temperatures,
a structural change caused by the annealing treatment could
be observed. Mainly the top part of the studied structure,
which is marked with an arrow, was already flattened at a low
heating power of 65 mW around 330 K (Fig. 5d). At a
heating power of 107 mW below 520 K (Fig. 5e), coarsening
first became visible by contrast changes, which might result
from density changes in the sample. The coarsening was
confirmed by ex situ SEM imaging after the annealing
treatment, as shown in Fig. 5f. Figure 5d and 5e show
artifacts, as the field of view was at a slightly different posi-
tion compared to the previous measurements.
When evaluating the data on the np-Au-based samples,
it has to be taken into account that a three dimensional
sample is studied in transmission geometry, resulting in a
projected two dimensional image. The studied changes are
therefore changes in sample density all over the probed
direction. In general, and for thick samples, the local
structure inside the sample can only be reliably evaluated in
tomography studies. Here, the samples were relatively thin
(~100 nm compared to about 40 nm spatial resolution) and
single projection images along the thin direction give good
insight into the structure. In a next step, the imaging scheme
can be extended to tomography. The resolution around
40 nm gained in this experiment is comparable to that in
the work by Kiss et al. (2015). Besides the possibility of
measuring resonantly around an absorption edge, which is
possible with both methods, ptychography offers the
advantage of combining spatially resolved fluorescence
measurements in parallel as the sample is scanned in the
beam. Furthermore, the resolution in ptychography is not
restricted by aberrations in an objective lens. For real
samples, which usually scatter less than reference objects, the
resolution gained in the presented study is still less than the
maximum resolution reported for strongly scattering objects
(Vila-Comamala et al., 2011; Schropp et al., 2012; Shapiro
et al., 2014). However, the resolution gained with this
presented cell is by a factor of 4 better than in previously
reported in situ ptychography studies (Høydalsvik et al.,
2014). Apart from the possibilities of safer measurements
(due to the closed cell) for dangerous gases, the cell is bene-
ficial during experimental use: the heated area is smaller than
1 mm2 and does not require cooling to prevent the sur-
rounding equipment from being heated. Furthermore, due to
its small size and light weight, positioning of the whole cell
on a high precision piezo stage is possible, which is required
for accurate sample movement during scanning probe
techniques. Finally, the main advantage of the presented cell
compared to state-of-the-art sample surroundings for in situ
experiments is the possibility for complementary electron
microscopy measurements on the same sample before and
after in situ treatment. The E-ChipTM can be easily mounted
on a TEM holder or can be used for SEM. This enables the
user to combine high resolution knowledge gained by TEM
together with insight from in situ studies at lower resolution
on the same sample area.
CONCLUSIONS
In situ hard X-ray ptychography was performed in a closed
cell with a resolution of 40 nm at elevated temperature and
during gas flow. The design and application of the in situ cell
for ptychography was demonstrated on a model sample of
50 nm Au particles and for real catalyst samples based on
np-Au. By using the model sample, the applicability of the
cell for heating tests was proven and in situ ptychography
measurements during gas flow are presented. As in situ
measurements were performed up to temperatures of around
990 K, it indicates that with the presented setup, there is
hardly any influence on image quality, neither by gas flow
nor heating treatment during image acquisition.
By this study, it is further shown that coarsening of
pure np-Au and the inverse catalyst material CeO2/np-Au
already starts at a relatively low temperature below 520 K.
At this low temperature and with the resolution gained in
the experiments, no significant differences were observed
between the pure and the inverse catalyst. However, further
studies are required to investigate the annealing behavior
and the influence of ambient pressure in situ at higher
resolution.
The advantages of the presented in situ cell, namely the
possibility of using the same E-ChipTM for both X-ray
ptychography and electronmicroscopy, were demonstrated by
performing ex situ SEM on the same sample before and after
the thermal treatment. This possibility for complementary
techniques allows for additional high resolution information
on the studied system if the E-ChipTM is used for TEM.
However, real in situ information in a controlled atmosphere
at ambient pressure, during a realistic gas flow and at elevated
temperature, can only be gained by X-ray techniques such as
ptychography. By further improving the resolution in X-ray
microscopy investigations and by exploiting this electron
microscopy/X-ray microscopy approach, better insights into
hierarchically structured materials can be gained.
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